The simplest regeneration experiments involve the ablation of a single cell type. While methods exist to ablate the melanocytes of the larval zebrafish, 1,2 no convenient method exists to ablate melanocytes in adult zebrafish. Here, we show that the copper chelator neocuproine (NCP) causes fragmentation and disappearance of melanin in adult zebrafish melanocytes. Adult melanocytes expressing eGFP under the control of a melanocyte-specific promoter also lose eGFP fluorescence in the presence of NCP. We conclude that NCP causes melanocyte death. This death is independent of p53 and melanin, but can be suppressed by the addition of exogenous copper. NCP is ineffective at ablating larval melanocytes. This now provides a tool for addressing questions about stem cells and the maintenance of the adult pigment pattern in zebrafish.
Introduction

U
nderstanding adult stem cells and their regulatory mechanisms is aided by tools that manipulate or ablate the tissue the stem cell monitors. We are interested in the regulation of the melanocyte pattern and precursors or stem cells that may sustain it at various stages of the life cycle in zebrafish. We have previously developed laser protocols 1 or drugs 2 that allow us to specifically ablate larval zebrafish melanocytes that subsequently regenerate. Amputation of adult caudal fins is followed by fin regeneration with concomitant regeneration of the fin melanocyte stripes. In each case, we have inferred the existence of melanocyte stem cells (MSCs) that support the melanocyte pattern. A mammalian MSC has also been identified in the hair follicle. 3 Genetic analysis of melanocyte regeneration after chemical ablation in larvae 4 or in the regenerating caudal fin 5 has provided several insights into mechanisms that regulate the MSC, including identifying differences between ontogenetic and regenerative development. However, each of these systems also has limitations for the study of stem cell regulation. For instance, experiments on larval melanocyte regeneration must be completed before the onset of metamorphosis, approximately 14 days postfertilization (dpf ), to ensure that the new melanocytes are regenerative and not part of the wave of new melanocytes that develop upon metamorphosis. Thus, regeneration experiments in the larvae are currently limited to two rounds of ablation and regeneration. Moreover, many of the mutations that affect the adult pigment pattern in zebrafish have little or no effect on the embryonic or larval melanocyte. The ability to reliably ablate melanocytes from the adult body stripes would both allow for multiple rounds of melanocyte regeneration and also allow us to exploit the richness of mutations that affect adult pattern [6] [7] [8] [9] [10] in studying the mechanisms that regulate the MSC.
The small molecule 4-(4-morpholinobutylthio) phenol (MoTP) that we previously described 2 that ablates larval melanocytes is a prodrug that is converted by the melanin synthesizing enzyme tyrosinase into a cytotoxic phenolic compound. The high specificity of ablation of melanocytes is explained by the fact that only developing or newly pigmented melanocytes express sufficiently high levels of this enzyme to produce cytotoxic levels of the phenolic product. One limitation of MoTP for melanocyte ablation is that it fails to ablate mature melanocytes that no longer express high levels of tyrosinase 2 (this study). Thus, embryonic melanocytes become largely refractile to ablation by MoTP after approximately 6 dpf, and most adult melanocytes are also resistant to MoTP-mediated ablation. The laser protocol described for ablation of embryonic melanocytes, 1 which utilizes the intense flux of dermatology tattoo removal lasers, is effective in ablating melanocytes from the adult pigment stripes, but is less specific than in the embryo. Laser treatment of the adult body stripe also results in the ablation of the yellow xanthophores as well as causing some collateral tissue damage (O'Reilly-Pol, unpublished data). Identification of a small molecule or drug that specifically ablates mature melanocytes, particularly in the adult body stripes, and has no effect on xanthophores is now required to fill this gap in our ability to ablate melanocytes and study the potential of MSCs to regenerate the adult melanocyte population.
In this study, we describe the identification of a drug, neocuproine (NCP), that specifically ablates the melanocytes of adult zebrafish. We have previously shown that NCP, a copper chelator, prevents tyrosinase function and melanin synthesis in the zebrafish embryo. 11 In adult zebrafish, we show that the melanocytes exhibit the same sequelae of death (contraction and fragmentation) as observed in larval melanocyte ablation, as well as in other adult teleosts. 1, 12, 13 This effect of NCP is suppressed by exogenous copper, suggesting that it acts through copper depletion to ablate melanocytes. We also show through the use of albino fish that melanin is not necessary for this ablation. NCP now provides us with a tool to specifically ablate melanocytes in the adult to allow us to explore the regulation of the MSC in the adult zebrafish.
Results
Knowing that NCP, a copper chelator, affects copperdependent processes, including melanin synthesis, in the zebrafish embryo, 11 we wanted to see the effects of disrupting copper homeostasis in adult zebrafish. Adult zebrafish were treated with 750 nM NCP, a concentration below the threshold necessary for blocking melanin synthesis in the embryo. We found that by 10 days of treatment, fish were largely devoid of melanin in their body stripes and fins (Fig. 1B) . When fish were returned to fresh water, the pigment pattern was reconstituted within 4 weeks after drug washout (not shown).
We wanted to better understand the depigmentation process, so we observed the morphology of melanocytes undergoing treatment with NCP. Melanocytes start out with their melanin (melanosomes) fully dispersed and have many pigmented dendritic processes (Fig. 1C) . By 3 days of treatment in 750 nM NCP, all melanocytes have lost pigmented processes, and the melanin is more contracted overall (Fig. 1D) . Some of the melanocytes have discreet puncta of melanin. After 5 days of treatment, the melanin appears hazy, as if it is no longer cellular (Fig. 1E) . At 7 days, most of the melanin is gone, leaving only scattered dark puncta (Fig. 1F) . After 10 days, nearly all the melanin has been cleared, although there are areas that appear resistant to NCP such as some scale melanocytes and the distal tips of the fins. We suggest that this sequence of events reflects the death of melanocytes followed by mechanisms to clear the detritus (see Discussion section).
The observed phenotypes at 3 days intrigued us. Melanosomes contract when exposed to epinephrine, with the melanosomes moving along microtubule networks toward the center of the cell 14 (compare Fig. 1G and H). Melanin is partially contracted after 3 days of NCP treatment (compare Fig. 1G and I) . However, the shapes are different. Epinephrine treatment results in round aggregations of melanin, whereas NCP treatment results in irregularly shaped or lobular melanin aggregates (compare Fig. 1H and J). Moreover, after 3 days of NCP treatment melanin did not noticeably contract in response to epinephrine (compare asterisked melanocytes in Loss of tyrp1:eGFP expression from melanocytes in NCP-treated fish Next, we used the previously described construct of fugu tyrp1 promoter driving eGFP 15 to make eight mosaic adults with eGFP expression in clones of melanocytes. Tyrosinaserelated protein 1 (Tyrp1) is expressed exclusively in melanocytes in both fish 15 and mammals. 16 After 1 day in 750 nM NCP, we found that eGFP expression was no longer detectable in a majority of melanocytes (182=194 cells). Some of these cells retain a small amount of eGFP. However, the eGFP no longer surrounds the melanin mass as it did before NCP treatment (Fig. 2B, arrowhead) . A few cells (12=194, Fig. 2B , arrow) retain all of the eGFP expression, suggesting that they are resistant to NCP. We note that these melanocytes appear smaller than the melanocytes that lost eGFP expression after NCP treatment. Thus, the resistant melanocyte may be younger developmentally and may need to mature to become NCP sensitive (discussed below in sections ''Effective periods of drug exposure for melanocyte ablation'' and ''NCP only ablates melanocytes in mature tissue'').
We also note that two of the mosaic adults contained xanthophore clones adjacent to melanocyte clones. Xanthophores are a related, but different, type of dermal pigment cell that does not contain melanin. Although stable transgenic lines for the tyrp1:eGFP construct do not express eGFP in their xanthophores, we occasionally observe mosaic expression in xanthophores of injected animals. These mosaic animals provide an opportunity to ask whether NCP affects transgene expression in another cell type. In these fish, the eGFPexpressing xanthophores maintained eGFP expression after neighboring eGFP-expressing melanocytes had extinguished their expression and fragmented (not shown).
To further explore the loss of eGFP, we treated transgenic adult expressing tyrp1:eGFP with NCP. In the proximal caudal fin, approximately 98% (1174=1195, n ¼ 4) of the melanocytes lost eGFP expression after 1 day of NCP treatment. The minority of melanocytes that continued expressing eGFP at 24 h persisted their eGFP expression through 4 days of drug treatment (not shown).
Melanocyte specific loss of eGFP
To determine the specificity of NCP for melanocytes, we utilized the transgenic line j999a. This line contains eGFP under the control of the fugu kit promoter. Expression, however, is mosaic, resulting in eGFP expression in many cells not known to express kit, including skin and muscle. As above, treating these fish with NCP for 1 day ablates eGFP expression in melanocytes. In contrast, eGFP expression persists unperturbed in all skin and muscle clones of NCP-treated fish (not shown).
Brief exposure to NCP
As tyrp1:eGFP expression was extinguished after 1 day, we next wanted to see if the melanocytes were capable of recovering from this brief exposure to NCP. We treated fish with NCP for 1 day, and then washed them into fresh water. To our surprise, not only did melanocytes progress as if they were still in drug, but also the events were accelerated. After 2 days of washout, they more closely resembled fish that had been in NCP continuously for 7 days (compare Fig. 3C to 1D and F). It is unclear why removal of NCP speeds progression of the melanocyte ablation, but this may reveal a role for copper in the clearing of melanocyte detritus. Nevertheless, this result reveals that adult melanocytes have committed to death within 24 h of NCP exposure.
Independence of NCP-induced death from p53
We wanted to know if the observed melanocyte death went through classic apoptotic pathways or a different mode of cell death (i.e., nonclassical apoptosis or necrosis). As many of the ways to assess apoptosis (TUNEL staining, acridine orange staining, etc.) are difficult to perform in the melanocyte, as the melanin prevents label detection, we instead used fish with a homozygous mutation in p53. 17 This mutant is defective for apoptosis. 17 Wild-type (WT) and p53 mutant fish were treated for 1 day with NCP. At 2 days after NCP washout, WT (Fig. 3A, C ) and p53 mutants (Fig. 3B, D) are indistinguishable: both genotypes retain only scattered puncta of melanin (Fig. 3C, D) . This indicates that melanocyte ablation after NCP treatment is not via p53-mediated apoptosis.
Melanin is not required for NCP-induced melanocyte ablation
We wondered whether melanin was a necessary component of the NCP-mediated ablation, as xanthophores, a pigment cell lacking melanin, were unaffected by NCP. We used the albino mutant, which has unpigmented melanocytes. To test this notion, we crossed the tyrp1:eGFP transgene into albino stocks to allow us to observe melanocytes (Fig. 4A) . When we treated these fish with NCP, we found that eGFP expression was largely gone by 24 h (Fig. 4B) , and completely absent from albino fish by 5 days of NCP treatment (Fig. 4C ). This shows that NCP does not require melanin or functional melanin synthesis to cause melanocyte ablation.
Role of copper during NCP-induced melanocyte ablation
We next wanted to know what the effective concentration of NCP was for melanocyte ablation. We discovered that concentrations greater than 1 mM NCP were highly toxic to fish at 7 days (Table 1) , placing these doses outside of the effective range. About 750 nM NCP caused approximately 20% fish lethality, with negligible death at all lower concentrations of NCP (Table 1) .
To assess the effects of NCP on induced melanocyte ablation, we examined fish 7 days after treatment, putting fish into one of three categories based on the pigmentation: unaffected, half-affected, or completely affected. Half-affected fish lose approximately one quarter to half of their melanocytes from the middle stripe. Typically, depletion was strongest in the caudal half and proceeded rostral in completely affected fish. At concentrations over 500 nM, all fish are completely affected by 7 days of NCP treatment. Similarly, at 300 nM, most fish 
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O'REILLY-POL AND JOHNSON are also completely affected. However, at 100 nM the treated fish are distributed among the three categories. At 30 nM, a large majority of the fish is unaffected, with no effect seen at 10 nM (Table 1) . Thus, we conclude that 500-1000 nM NCP produces the most effective dose for melanocyte ablation, although there is some fish lethality observed at the higher end of this range.
To test the role of copper during NCP-induced melanocyte ablation, we added 1 mM of CuCl 2 to fish treated with intermediate concentrations (100 or 300 nM) of NCP. At these concentrations of NCP, copper is in excess (approximately 20-or 7-fold excess Cu 2þ ). In each case, the excess copper suppressed the NCP-induced melanocyte death (Table 1) , thus tending to suggest that NCP acts to ablate melanocytes by depleting the available copper. We note, however, that exogenous copper did increase fish lethality at higher concentrations of NCP ( Table 1 ), suggesting that in other cells in the fish NCP may exert its lethal effects by inappropriately mobilizing copper.
Effects of other copper chelators
We asked whether other copper chelators could induce melanocyte ablation. We tested bathocuproine sulfate (BCS), an analog of NCP, which, unlike NCP, is cell impermeable, and N-phenylthiourea (PTU), a widely used drug that inhibits melanization of melanocytes and shares little structural similarity to NCP. Exposure of fish to these drugs (750 nM BCS and 100 mM PTU) caused no evidence of depigmentation or melanocyte ablation after 7 days in the drug.
In contrast, the copper chelator antabuse caused weak depigmentation (Fig. 5) . Antabuse, like PTU, is structurally dissimilar to NCP. Antabuse has been shown to prevent melanin synthesis in larval zebrafish. 11 After antabuse treatment (1 mM), we found occasional fish (6=14) with gaps ( Fig.  5B) in the stripe. These gaps are smaller than the half-affected fish described in our dosage testing of NCP (above), and some contained lobular melanocytes (Fig. 5C ) or melanocyte detritus (Fig. 5D ). Gaps and the presence of melanocyte detritus are typically never observed in untreated fish.
Effective periods of drug exposure for melanocyte ablation
Now possessing drugs that have been shown to ablate melanocytes in larval (MoTP) and adult (NCP) stages, we wanted to further define when each of these drugs was melanotoxic (summarized in Fig. 6 ). We treated our transgenic line expressing tyrp1:eGFP with NCP or MoTP and scored them for melanocyte morphology (fragmentation, as above) and loss of eGFP fluorescence as metrics for melanotoxicity.
To confirm that NCP only prevented pigmentation in embryonic melanocytes, we treated embryos from the tyrp1:eGFP transgenic line for 3 days with MoTP, PTU, and NCP before the cells were melanized. All three treatments resulted in unpigmented embryos, but PTU and NCP contained eGFP-positive, melanin-negative melanocytes, showing that for these copper chelators the melanocytes were not ablated. In contrast, MoTP had no eGFP signal, consistent with the previous finding that MoTP kills melanoblasts as well as differentiated larval melanocytes 2 (not shown). We find that MoTP no longer affects melanocytes after 6-7 dpf. This is consistent with our previous finding that MoTP requires conversion by tyrosinase into a cytotoxin, and that tyrosinase expression decreases after 5 dpf. 2 We find that MoTP ablates melanocytes once again at 15 dpf (not shown), which is approximately the onset of metamorphosis when adult melanocytes begin to differentiate and thus should require high tyrosinase activity for pigmentation. In adult fish (>6 months), MoTP shows no discernible effect on melanocytes, even at concentrations higher than the larval threshold or when applied for 7 days.
To explore the effect of NCP on melanocyte survival in larval zebrafish, we used NCP at 5 mM. This is the minimum dose required to block melanin synthesis in the embryo, 11 and is 10-fold greater than what is necessary in the adult to ablate melanocytes. However, even at this high concentration, we did not observe any morphological changes or loss of eGFP expression in the melanocytes exposed to NCP for any 2-day period between 3 and 15 dpf. Similarly, we observed no depigmentation when larval fish were treated with 750 nM NCP for 7 days. We first observed NCP-induced melanocyte ablation in fish once they had reached 5 weeks of age. This suggests that there is some physiological change in the adult that occurs as it matures that makes it susceptible to ablation by NCP.
NCP only ablates melanocytes in mature tissue
The observation that NCP only ablated melanocytes in older fish led us to ask whether this result reflected a global change in fish physiology resulting in NCP sensitivity. Alternatively, the change in sensitivity could reflect the age of the melanocyte or its immediately surrounding tissue. We reasoned that the regeneration of melanocytes in regenerating fins would allow us to test between these models. Accordingly, we amputated fins in the tyrp1:eGFP line and allowed them to regenerate for 7 days before treatment with NCP. This allowed significant development of new melanocytes in the fin regenerate (Fig. 7A, B) . The regenerative and ontogenetic melanocytes both expressed eGFP (Fig. 7C) . After 1 day of NCP treatment, eGFP expression is lost in the older, ontogenetic melanocytes, but not in the younger, regenerative melanocytes (Fig. 7D) . This result rules out the model that global changes in the adult physiology confer NCP sensitivity. Instead, this result tends to suggest that the melanocytes or the tissue surrounding it must mature to become sensitive to NCP.
Discussion
We first considered the model that NCP was revealing normal turnover of melanin or melanocytes in the adult. This seems unlikely because we never see these lobular or fragmented melanin clusters that we observe in NCP-treated fish (Fig. 1D ) in untreated fish. Additionally, another drug that blocks melanin synthesis, PTU, has been often used in adult zebrafish without any suggestion of revealing melanocyte turnover.
5,18 Also, we have kept fish in PTU for up to 5 weeks without affecting pigmented melanocytes (O'Reilly-Pol, unpublished data). Thus, we tend to reject the model that NCP, by blocking melanin synthesis, reveals normal turnover of melanin or melanocyte death in adults. This led us to explore models of NCP inducing melanin turnover (Turnover Model) or melanocyte death (Death Model).
These two models of induced turnover of melanin and melanocytes make testable predictions about the depigmentation of fish. Under the Turnover Model, other cellular components should persist in the presence of NCP. We would expect that a melanocyte expressing eGFP under the control of a melanocyte-specific promoter, such as the tyrp1 or kit promoters used, would continue to express eGFP. They do not (Fig. 2) , as the Death Model predicts. The continued eGFP expression in multiple cell types during NCP treatment shows specificity for NCP to quench eGFP in the melanocyte. The use of two different promoters tends to rule out loss of eGFP expression from an interaction between NCP and the tyrp1 promoter. In the amputation experiment, eGFP expression is 
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O'REILLY-POL AND JOHNSON preserved in the regenerative melanocytes, further establishing that NCP does not generally interact with eGFP or the tyrp1 promoter. The Turnover Model predicts that melanocytes should gradually lose their pigmentation (fade) in the presence of NCP while maintaining their overall size, shape, and identity. In contrast, the Death Model predicts that as melanocytes die, they will fragment as previously decribed, 1,12,13 which they do (Fig. 1C-F) . Weaker support comes from the loss of melanocyte sensitivity to epinephrine (Fig. 1G-I ) and commitment to depigmentation after brief exposure to NCP (Fig. 3) . Thus, we favor the Death Model. It does remain formally possible that NCP is not inducing melanocyte death but instead exerts multiple effects by beginning a cascade with continuing effects that results in depigmentation, loss of epinephrine sensitivity, and quenching of eGFP only in melanocytes.
Once we established to our satisfaction that NCP caused melanocyte death, we wondered if this death was classic apoptosis. We could not do this in many of the standard ways. We have been unable to accurately determine melanocyte nuclei in whole mount fish fins or dissected skin. Thus, we were prevented from gauging the presence of pycnotic or TUNEL-stained nuclei to assess apoptosis. However, we found identical NCP-induced melanocyte ablation in mutants homozygous for a p53 mutation, suggesting that whatever type of cell death was occurring, it was not p53-mediated apoptosis.
We also explored the role of copper in NCP-induced melanocyte ablation. In the first model, NCP depletes copper from the cell, revealing essential melanocyte-specific, copperdependent protein activity. In a second model, NCP may inappropriately mobilize copper in the cell causing damage from the redox activity of copper. A third model is an offtarget, possibly copper-independent, effect of NCP. These models can be partially distinguished by adding exogenous copper. If the first model is correct, the addition of excess copper should suppress the effect. This test was used in larval zebrafish to show that NCP affected melanin synthesis through copper chelation. 11 Alternatively, for the second model, adding exogenous copper should worsen the phenotype. This is the conclusion favored in studies of NCP in HepG2 cells 19 and cultured rat cortical astrocytes 20 where copper increases the toxicity of NCP. The third model would probably be unaffected by copper. However, binding of copper may change the structure of NCP, and thus also the off-target properties of NCP, so the exact effect cannot be predicted.
Our results that copper suppresses the melanotoxic effects of NCP (Table 1) tend to argue against the second model that purports inappropriate copper mobilization. As we find that a structurally dissimilar copper chelator, antabuse, is also melanotoxic in adults, we tend to argue against our third model for off-target effects. Thus, we favor the first model (copper depletion) for NCP's mode of action, and that copper is required for the survival of adult melanocytes.
Conclusion
We show that NCP, a copper chelator, ablates adult, but not larval, melanocytes. This melanotoxicity reveals a specific role for copper in the continuing survival of melanocytes. Death of these melanocytes occurs in a manner that is independent of p53-mediated apoptosis, and does not require the presence of melanin. Only mature adult melanocytes are affected. This drug now provides a tool for ablating adult melanocytes and exploration of the role of MSCs in the maintenance of the adult pattern.
Materials and Methods
Fish stocks and husbandry
Standard fish husbandry protocols were followed. 21 WT fish stocks were largely AB. j999a Is a transgenic line containing a 7.7 kb promoter fragment from upstream of the fugu kit gene cloned into the tol2 transposon vector and driving eGFP, inserted into the genome as previously described. 22 Melanophilina j120 mutants were used in the generation of transgenic and mosaic fish (see ''tyrp1:eGFP'' section below) as the melanosomes are concentrated in the center of the cell, thus allowing visualization of eGFP in most of the cytoplasm.
14 Albino b4 and p53 zdf1 were obtained from the Zebrafish International Resource Center (NIH P40 Grant RR012546).
Drug treatments
MoTP was custom synthesized by Gateway Chemical Technology (St. Louis, MO). PTU (catalog number P7629), epinephrine (cat. E4250), NCP (cat. N1501), bathocuproine sulfate (BCS) (cat. B1125), and antabuse (cat. T1132) were obtained form Sigma-Aldrich (St. Louis, MO). All drugs were changed every 2-3 days. NCP was used at 750 nM, except when noted as otherwise. Epinephrine was used at 1 mg=mL. NCP and antabuse stock solutions were made in DMSO, and diluted to a final concentration in less than 0.1% DMSO.
As an internal control to demonstrate the effectiveness of copper chelation by NCP, PTU, BCS, and antabuse, a simultaneous partial amputation of the caudal fin was performed. In each case, the concentration of drug used was sufficient to block most or all melanin synthesis in the regenerating fin. Treatment with vehicle (0.1% DMSO) allowed full melanin synthesis.
tyrp1:eGFP
The tol2 transposon construct used to generate tyrp1:eGFP mosaic and transgenic fish was previously described. 15 The methods for generating mosaic fish and stable transgenics have also been described. 22 Quantification of melanocyte loss was performed by counting along the middle stripe of the caudal fin for a length of three fin ray segments in the proximal portion of the fin.
Photography
All pictures were taken with a ProgRes C14 camera with accompanying software ( Jenoptik Laser. Optik. Systeme., Jena, Germany) on a Nikon SMZ 1500 stereomicroscope (Tokyo, Japan). An X-cite 120 Fluorescent Illumination System (Exfo Life Sciences, Mississauga, Ontario, Canada) was used for fluorescent excitation of eGFP. In some cases (Fig. 1A-F) , fish were euthanized and mounted in 1% agar on 10 cm Petri dishes. They were then photographed through the bottom of the plate to reduce glare. All other pictures were of live, unmounted fish taken with incidental light. Pictures were edited with Photoshop CS2 (Adobe Systems, San Jose, CA).
